GROUND AMPLIFICATION IN THE NEIGHBORHOOD OF A GROUP OF MUTUALLY PARALLEL TRIANGULAR RIDGE MOUNTAINS SUBJECTED TO SHEAR HORIZONTAL SEISMIC WAVES
A. WIRGIN Experimental ( i n t h e laboratory and i n t h e f i e l d ) and t h e o r e t i c a l s t u d i e s i n d i c a t e t h a t the presence of topographic i r r e g u l a r i t i e s can s t r o n g l y a f f e c t (notably increase) t h e s t r e n g t h of ground motion a r i s i n g from seismic disturbances. The causes of t h e s e e f f e c t s , p a r t i c u l a r l y a s they concern convex topographic f e a t u r e s ( i . e . , h i l l s o r mountains) are n o t w e l l understood, although i t i s c l e a r t h a t they depend on: t h e frequency, t h e p r e c i s e l o c a t i o n on t h e mountains o r i n t h e i r v i c i n i t y (stronger motion a t t h e c r e s t s than i n t h e v a l l e y s ) , t h e aspect r a t i o of t h e mountains ( s t r o n g e r f o r l a r g e r aspect r a t i o s ) and t h e angle of incidence (although i t is d i f f i c u l t t o e s t a b l i s h any systematic t r e n d s ) .
I n a r e c e n t p u b l i c a t i o n [I] w e showed t h a t an i s o l a t e d ridge of rectangular shape responds t o an SH wave i n t h e manner of a flanged Helmholtz c a v i t y , with modes of successively higher-order being e x c i t e d a s t h e frequency increases and t h e displacement f i e l d being maximally amplified a t t h e resonance frequencies f o r appropriate i n c i d e n t angles at l o c a t i o n s on t h e r i d g e t h a t a r e usually on t h e c r e s t . I n d i c a t i o n s were provided t h a t t h e e x c i t a t i o n of f r e e modes i s the dominant cause of t h e amplification of ground motion of mountains of t h i s shape.
A s real mountains a r e more usually of nearly t r i a n g u l a r shape, and a r e never i s o l a t e d , i t is of s u b s t a n t i a l i n t e r e s t t o determine whether t h e resonance explanation s t i l l holds f o r t h e more r e a l i s t i c topographies. W e examine herein t h e 2D problem of SH waves s t r i k i n g a group of mutually p a r a l l e l t r i a n g u l a r e l a s t i c r i d g e s emerging from f l a t ground overlying a homogeneous e l a s t i c half-space.
Resonances a r e brought t o l i g h t i n t h e same manner a s i n Refs.1, and shown t o be e x c i t e d simultaneously f o r s e v e r a l o r d e r s and over l a r g e r bands (than previously), with t h e r e s u l t t h a t resonance peaks of displacement a r e l e s s pronounced and ground amplification is maintained at r e l a t i v e l y high l e v e l s over wider frequency ranges, i n conformity with what is u s u a l l y observed i n t e r r a i n measurements. It a l s o t u r n s out t h a t t h e o r d e r of magnitude o f t h e amplification can be predicted by simple geometrical a c o u s t i c s arguments and t h a t , i n many c a s e s , t h e f i e l d s i n successive ridges a r e weakly coupled. The general l e v e l of t h e amplification i n c r e a s e s with t h e aspect r a t i o of t h e mountains, but is modest f o r r e a l i s t i c aspect r a t i o s . The l e v e l i n c r e a s e s , and approaches t h a t observed i n c e r t a i n experiments i f a c o n t r a s t i s introduced i n t h e e l a s t i c moduli and d e n s i t i e s between t h e s o l i d s occupying t h e mountains and t h a t of t h e basement.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19921158 m e mountains are assumed to be infinitely long, mutually parallel ridges emerging from otherwise flat ground; they are subjected to a seismic disturbance in the form of a plane wave (exp(-iot) implicit time dependence, the angular frequency) with which are associated a propagation vector ki (pointing upwards) lying in a plane (the sagittal x-z plane S) perpendicular to the ridge generators and a displacement vector u perpendicular to this plane. The resulting motion is shear horizontal (only u, is non-vanishing) and independent of the coordinate y. In the absence of the mountains, the ground is the flat with (8, the angle of incidence with respect to the +z axis):
The integral vanishes in the absence of J.lj&, in which case the total field in fl,, reduces to the incident (u,) plus the reflected (u,) waves and the modulus of the total displacement (at all points )on 1: to the value 2. The extent to which this conclusion is modified by the presence of the mountains is analyzed hereafter .
We employ Eqs. the only term of which involving the incident wave parameters is G : . This infinite-order linear system is solved by truncation and the process is repeated as many times (with increasing truncation order) as is necessary to obtain stabilization of the numerical values of the most significant coefficients A : .
The latter are then introduced into Eq.(5) to obtain the plane-wave amplitudes B(kx) and into Eqs. (l) and (2) to compute the displacement fields. Let us restrict the discussion to the surface field on a representative mountain. For the amplification to be a phenomenon of systematic nature, such as is generally observed (this meaning that it can occur practically at any location of the mountain surface and for essentially any incident angle), one or more of the coefficients A : must be large; for this to occur independently of the incident angle the determinant of the hypermatrix IE in Eq.(6) must be small, at least for certain frequencies. The latter are none other than the eigenfrequencies. because the singularity of I E is equivalent to the existence of a natural (eigen) mode, det(lE)=O giving rise to the dispersion relations of the eigenmodes of the structure, and to a resonance which occurs when the driving frequency is equal to the (real part of) one of the eigenfrequencies. The spectral response is lorentzian in the neighborhood of the eigenfrequencies and finite due to radiation damping. From Eq.(6) it is possible to demonstrate that: a) each (n,j)-th quasi-mode becomes large at its own set of frequencies o(j,n,m) ; m=0,1,2,.. .. with m=O the fundamental and ma1 the overtones, b) for a set of identical mountains, the (j,n) eigenfrequencies are degenerate with respect to j and splitting occurs with the appearance of a set of resonant frequencies above and below the resonance frequencies of the isolated mountains.
To illusrate these predictions, consider Fig.1 which applies to a single-mountain configuration. At the apex the field involves only the lowest-order quasi mode, i.. , I
I A I . The observed peaks are therefore located at the resonance frequencies ( l O O ) , ( 1 0 1 ) . . and these frequencies are close to the real parts of the roots of det(IEt) = 0. with IEt= {E i t ) . Since the successive resonance bands are rather wide and close together, overlapping occurs with the result that the overall level is relatively high. even at the frequencies furthest from the center frequencies of the resonance bands. The figure also reveals that the amplification is rather stable and small for the most realistic mountain shapes (or= 90.120'); however, a slower, less rigid material within the mountain accentuates the resonances (due to better energy trapping) and thereby increases substantially the peak amplifications. The horizontal line at level 2 in Fig.1 represents the geometrical acoustics (GA) prediction of the apex response of the or=9Oo mountain. It can be observed that this response constitutes a rather good approximation of the over-all response at all except the lowest frequencies. In the case the media filling 4 and $ are identical the GA predicts an apex amplification of 360/or("), in good agreement with what is observed in the figure.
The effect of neighbors can be ascertained in Fig.2 , where the displacement field is now sampled at a point half-way up the left side of the left-hand mountain of one and two-mountain configurations. Since the plane wave strikes the mountains at normal ( 8 , = O 0 ) incidence, only the even-order quasi-modes are excited, but all of the latter contribute to the field on the side of the mountain. Therefore, the response is both the result of order-to-order mode mixing and overtone-to-overtone mixing with the result that the amplifications are smaller than at the apex. Splitting is readily observed, with the largest effects occuring at low frequencies. At higher frequencies, the two-mountain response closely follows the one-mountain response, indicating rather small coupling effects.
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